Introduction
Laser peening, a surface treatment. for metals, employs laser induced shocks to create deep and intense residual stresses in critical components. In many applications this technology is proving to be superior to conventional treatments such as shot peening. The laser peening process has generated sufficiently impressive results to move it from a laboratory demonstration phase into a significant industrial process. However until now this evolution has been slowed because a laser system meeting the average power requirements for a high throughput process has been lacking.
A laser system appropriate for peening at an industrial level requires an average power in the multi-hundred watt to killowatt range and an energy of around 100 J/pulse and pulse duration of 10s of nanoseconds. Pulsed lasers, with output energies exceeding 10 J, have historically been limited to low repetition rates and consequent low average power output. The large fusion lasers such as Livermore's Nova and the University of Rochester's Omega laser can produce single pulse energies at 1 micron wavelength in the 100 kJ range but are limited to firing about once every two hours for an equivalent average power of only 10s of watts. Commercially available lasers, with outputs of 10 to 100 J, if available at all, are limited to repetition rates around 0.25 Hz, an average power of 25 W. In this paper we report on a highly developed laser technology employing Nd:glass slabs and a master oscillator/power amplifier with wavefront correction called phase conjugation which for the first time pushes the average power output into the 500 W range and meets the requirements for industrial laser peening.
Laser Shock Peening
With the invention of the laser, it was rapidly recognized that the intense shocks required for peening could be achieved by means of tamped plasmas which were generated at metal surfaces by means of high energy density (-200 J/ cmz), lasers with pulselengths in the tens of nanoseconds range. Initial studies on laser shock processing of materials were done at the Battelle Institute (Columbus, OH) from about 1968 to 19811'2. Excellent recent work has also been reported in France3. Another important element in obtaining deep residual stresses is the use of successive shocks to drive the stress deeper and deeper while not exceeding materials limits at the surface. Figure 3 shows results of successive applications to a titanium surface (Ti-6Al-4V) of laser pulses at 200 J/cm2 and pulse duration of 30 ns.
As can be seen, the application of a first and then a second shock drives stress deeper and into the material. laser is dominated by the hardware required to achieve the single pulse energy, it is imperative to have high repetition rate capability (-10 Hz) in order to keep the production cost per laser shot low.
High power laser technology at LLNL
The Laser Programs Directorate at Lawrence Liverrnore National Laboratory (LLNL) has been a world leader in developing high energy Nd:glass lasers for fusion applications for the past 25 years. The Nova laser, producing over 120 kJ per pulse, routinely fires 8 to 10 shots per day for dedicated fusion and nuclear effects studies.
More recently, the Livermore Laboratory has been directed by the Department of Energy to proceed with building a newer facility, the National Ignition Facility (NIT) which will produce over 2 MJ per pulse of energy in one or several shots per day and is intended to produce more fusion energy release than laser energy input. 
The High Average Power Nd:glass Slab Laser System
A system suitable for laser peening must output an energy in the range of 25 J to 100 J per pulse. The throughput of a peening system will then highly depend on the average pulse repetition rate that the laser can achieve. A laser system based on Nd doped glass gain media is the only identified technology that can realistically achieve this type of energy output with acceptable pulselength. Such a system is typically based on an oscillator and one or more rod amplifiers which are optically pumped by flashlamps. As an unavoidable consequence of providing the optical gain, the flashlamps deposit heat into the glass. This heat must be removed at a rate commensurate with the rate of deposition, that is, the pulse rate of the laser. Thus the glass must be cooled, typically by flowing water. As the glass is simultaneously heated and cooled a thermal gradient develops from the center to edge of the glass.
This gradient stresses the glass, inducing wavefront deformation and very significantly depolarization of the beam. Thus the thermal loading of the laser gain media is a major limitation to the available average power that can be extracted from the laser. As the repetition rate of the laser is increased, the thermal loading correspondingly increases and degenerates the laser performance often depolarizing and aberrating the laser beam to the point where the laser optics damage. In the limit, the loading will fracture the glass. The LLNL laser system alleviates this thermal problem in three ways; the slab gain medium is pumped in a highly uniform manner minimizing depolarization and distortion, the laser beam is propagated through the slab in a zig-zag manner to average out much of the wavefront distortion and SBS phase conjugation highly corrects residual wavefront distortions.
The LLNL Nd:glass slab laser system
The LLNL high average power Nd:glass laser technology is comprised of a single master oscillator and one or more power amplifiers. The amplifier gain media is neodymium (Nd) doped phosphate glass APG1 supplied by Schott Glass Technologies Inc. or HAP4 supplied by Hoya Corporation. The glass is configured in a slab shape to allow one thin dimension for rapid heat removal. Typical slab dimensions are 1 cm x 14 cm by 40 cm. Typical Nd doping level is 3 x 1020 cm-3 or 2.7% by weight.. Figure 4 shows a cross-sectional view of the amplifier.
Unlike a more traditional amplifier where the beam is propagated in a straight line through the amplifier, our design employs a zig-zag path path, reflecting the beam internally off the slab faces, to propagate it through the gain medium. The large one-dimensional temperature gradients through the slab thickness are effectively averaged by the zig-zag optical path as shown in Figure 4 .
The slab is positioned in the center of the assembly and has a water cooling channel along both sides formed by the slab face and a reflector window. Two flashlamps on each side pump the slab through the cooling channels. A diffuse reflector surrounds the flashlamps and by appropriate shaping provides uniform optical pumping of the slab. The reflector material is made of a Teflon-like substance called Spectralon machined to a specific shape to tailor the pumping irradiance on the slab surfaces. Designing one thin dimension for the slab creates one short path for high heat conduction from the slab center to the cooling water. The resulting high heat transfer efficiently removes the heat buildup in the slab and directly increases the repetition rate capability of the laser. Very uniform optical pumping from the reflector assembly results in uniform energy distribution from top to bottom in the slab. At high repetition rates the main thermal gradient that develops in the slab is from center to edge. However, the laser light is propagated through slab so that the beam propagates in a side-to-side zig-zag manner. This zig-zaging averages the side-to-side thermally induced pathlength differences providing a high quality horizontal wavefront even though there is a significant gradient in this direction. Finally and specifically for the laser shock peening application, the SBS phase conjugation plays a significant role in preparing a fast rising edge laser pulse to avoid optical breakdown in the tamping material reducing the intensity of the shock. Because the SBS is a non-linear process with a definite threshold, the phase conjugator does not respond to the initial low intensity buildup typically associated with a laser pulse sharpening the leading edge of the laser pulse. The beam returned by the conjugator has its leading edge "clipped" and thus the returned pulseshape has a sharp, sub-nanosecond rising edge. The fast rising pulse is critically important for laser peening because it reduces the possibility of breakdown or other non-linear processing occurring in the tamping material and allows the full pulse energy to reach the paint area on the metal and contribute to building the high intensity shock.
Slab amplifier operating in the AIT laser system Schematic of the amplifier design
Although not needed for shock peening, the laser's high output beam quality enables efficient conversion of the infrared output light into green light.
Conversion efficiencies for this laser technology range from 65'% at 1 ps duration pulses to over 80'XO for 10 ns pulses. 
